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Objective

To determine whether ischemic preconditioning protects the
human liver against a subsequent period of ischemia in pa-
tients undergoing hemihepatectomy, and to identify possible
underlying protective mechanisms of ischemic precondition-
ing, such as inhibition of hepatocellular apoptosis.

Summary Background Data

Ischemic preconditioning is a short period of ischemia fol-
lowed by a brief period of reperfusion before a sustained isch-
emic insult. Recent studies in rodents suggest that ischemic
preconditioning is a simple and powerful protective modality
against ischemic injury of the liver. The underlying mecha-
nisms are thought to be related to downregulation of the apo-
ptotic pathway.

Methods

Twenty-four patients undergoing hemihepatectomy for vari-
ous reasons alternatively received ischemic preconditioning
(10 minutes of ischemia and 10 minutes of reperfusion) before
transection of the liver performed under inflow occlusion for
exactly 30 minutes. Liver wedge and Tru-cut biopsy samples
were obtained at the opening of the abdomen and 30 minutes
after the end of the hepatectomy. Serum levels of aspartate
transferase, alanine transferase, bilirubin and prothrombin
time were determined daily until discharge. Hepatocellular

apoptosis was evaluated by in situ terminal deoxynucleotidyl
transferase mediated d-UTP nick end-labeling (TUNEL) assay
and electron microscopy. Caspase 3 and 8 activities were
measured in tissue using specific fluorometric assays.

Results

Serum levels of aspartate transferase and alanine transferase
were reduced by more than twofold in patients subjected to
ischemic preconditioning versus controls. The analysis of a
subgroup of patients with mild to moderate steatosis indi-
cated possible increased protective effects of ischemic pre-
conditioning. In situ TUNEL staining demonstrated a dramatic
reduction in the number of apoptotic sinusoidal lining cells in
the ischemic preconditioning group. Electron microscopy
confirmed features of apoptosis present in control but not in
ischemic preconditioning patients. There was no significant
difference in caspase 3 and 8 activity when patients with isch-
emic preconditioning were compared with controls.

Conclusions

Ischemic preconditioning is a simple and effective modality
protecting the liver against subsequent prolonged periods of
ischemia. This strategy may be a more attractive technique
than intermittent inflow occlusion, which is associated with
increased blood loss during each period of reperfusion.

Clamping of the portal triad (inflow occlusion), also calledthe need for transfusion have been shown to hinder the post-
the Pringle maneuver, is often used during liver surgery toperative cours&.® Several recent clinichr® and experimen-
minimize blood loss. Excessive blood loss during surgery anthl”® studies have demonstrated that intermittent clamping of

the portal triad is better tolerated than prolonged continuous
periods of ischemi&® However, the beneficial effect of inter-
mittent clamping on ischemic injury, as assessed by postoper-
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oped to protect the liver against ischemic and reperfusiomtlamping followed by 10 to 15 minutes of reperfusion
injury without increased blood loss. maximally protected the liver against a subsequent pro-

One strategy that could be applicable to hepatic surgery iBnged period of ischemit Previous studies in the human
ischemic preconditioning. Ischemic preconditioning is aliver have shown that ischemic injury becomes detectable
short period of ischemia followed by a brief period of after 30 minutes of ischemfaBecause most anatomical
reperfusion before a sustained ischemic insult. Most of théaemihepatectomies can be performed during this time pe-
data on ischemic preconditioning have been gathered in theod in our center, we designed a pilot study in 24 patients
heart, with a focus on the ability of preconditioning to undergoing anatomical right or left hemihepatectomy under
reduce the size of a myocardial infarction. A few of the continuous inflow occlusion (clamping of the portal triad)
involved extracellular mediators, such as adendsaed  for exactly 30 minutes. This time was also chosen consid-
nitric oxide!° have been identified. Protection by ischemic ering the possibility of negative effects of ischemic precon-
preconditioning has been subsequently documented in ditioning in humans. Twelve patients were subjected to
variety of tissues, including skeletal muséfeprain? spi-  ischemic preconditioning consisting of 10 minutes of
nal cord*3retinal* and intestiné? and is thought to be part clamping of the portal triad followed by 10 minutes of
of a ubiquitous protective mechanism against repetitivereperfusion before hepatectomy. To minimize bias in pa-
stress on cells and cell systems. Only a few investigatortient selection, ischemic preconditioning was performed in
have studied the effects of ischemic preconditioning in thean alternate fashion. Patients with hepatic steatosis, but not
liver,**=?* and only data in rodents are available. Thesecirrhosis, were included. Variables studied included intra-
studies have suggested that the liver could also be protectexperative blood loss, need for blood products, duration of
against ischemic insults by preconditioning. surgery, postoperative serum transaminases and bilirubin

We recently identified an ischemic preconditioning pro-levels, hospital and intensive care unit stay, and clinical
tocol (10 minutes of ischemia followed by 15 minutes of outcome. The effect of ischemic preconditioning was also
reperfusion) that completely prevented animal death in micevaluated in a subgroup of patients with mild to moderate
subjected to 75 minutes of total hepatic ischemia, a lethasteatosis (20-50% fat). Wedge and Tru-cut biopsies were
condition without preconditioning® In view of our previ-  performed on opening of the abdomen and exactly 30 min-
ous findings that apoptosis of sinusoidal endothelial cellaites after reperfusion after the 30-minute clamping period
and hepatocytes is a prominent feature of reperfusion injuryor histologic examination of apoptotic cell death (terminal
in the warm ischemic livef? we also studied the effects of deoxynucleotidyl transferase mediated d-UTP nick end-la-
ischemic preconditioning on postreperfusion apoptosis in deling [TUNEL] assay and electron microscopy), and to
mouse model of partial hepatic ischemfalschemic pre- measure cytoplasmic caspase 3 and 8 activities. Caspase 3
conditioning was associated with complete abrogation ofind 8 are at opposite ends of the apoptotic cascade, one
the massive hepatocellular apoptosis seen after prolongeditiating the cascade (caspase 8) and the other effecting cell
periods of ischemia and downregulation of cytoplasmicdeath (caspase 3).
caspase activities. Caspases are a family of cysteine pro-
tease; initiating complex proteolytic reactions leading tOPatients and Surgical Procedure
cell disassembly and death.

The beneficial effects of intermittent clamping of the The protocol was approved by the investigation and re-
portal triad, as reported by otheYs® might be related to a view board at our institution, and consent was obtained from
preconditioning effect. If so, a short period of ischemia mayeach patient before surgery. Those included in this study
protect the liver during subsequent liver resection perwere patients scheduled to undergo anatomical right or left
formed under inflow occlusion. This effect should occurhemihepatectomy for various benign and malignant condi-
without increased blood loss as seen during intermittentions. Patients with wedge or segmental resections were not
clamping. To test this hypothesis, we designed a studyncluded. Characteristics of the patients are shown in Table
involving 24 patients undergoing major hepatectomy. Tol. At the time of surgery, each patient was assigned, after
minimize variability, we adopted a rigid protocol including intraoperative ultrasound, to either ischemic precondition-
fixed periods of prolonged clamping after ischemic precon4ing (10 minutes of portal clamping followed by 10 minutes
ditioning, and a standardized technique of hepatectomypf reperfusion) or no ischemic preconditioning (control
performed by a single surgeon (P.A.C.). We also attemptedroup), followed by liver resection. Each hemihepatectomy
to identify underlying mechanisms of injury and protection was performed with clamping of the porta hepatis for ex-

from ischemic preconditioning in these patients. actly 30 minutes.
Right and left hemihepatectomies were performed by one
METHODS surgeon using a standard technig@i@he decision to pro-

ceed with anatomical hemihepatectomy was made after an

exploratory laparotomy and intraoperative ultrasound. Pa-
We based the ischemic preconditioning protocol on theients were then alternatively allocated to the ischemic pre-

data obtained in rodents, where a period of 10 minutes ofonditioning or control group. Baseline Tru-cut and wedge

Experimental Design
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TUNEL Staining
Cleavage of genomic DNA during apoptosis yields DNA

Table 1. PATIENTS CHARACTERISTICS

Ischemic strand breaks that can be identified by labeling fre©Bl
Control Preconditioning . . . . .
(n = 12) (n = 12) ends with fluorescent nucleotides in an enzymatic reaction
involving terminal deoxynucleotidyl transferase. A TUNEL

Demographics assay was used to localize and assess cells undergoing DNA

Age fragmentation, as previously descrit@dBriefly, samples
mgzg: (rSaEw) ; 6?2(32_%)5 529(43_1725)4 were immediately stored in 4% paraformaldehyde for fixa-
d tion. Frozen sections (gm) of the fixed tissue were pre-
Sex (M/F) 5/7 5/7 . _

Indications for resection pared and stained by the TUNEL method using a commer-
Benign (n) 3 3 cial kit (Boehringer Mannheim Co., Indianapolis, IN).
‘Malignant (n) . 9 9 Morphometric analysis of the fluorescent cells in tissue

H'Sstggggsi‘;fizrg;r?g)m“s liver . . stained with the TUNEL method was performed under

0 . e . . .

Type of liver resection hlgh—pow_er magnificationX400) in a masked fash.lon. T_en
Right hepatectomy (n) 7 3 random fields were analyzed for each TUNEL-stained tissue
Left hepatectomy (n) 5 4 sample. To identify cells showing features of apoptosis,

Additional procedure at the time some tissue samples were processed for electron micros-
of hepatectomy copy
Takedown of colostomy 1 '

Placement of pump for selective 2 3

intraarterial chemoth : S
niraarterial chemomerapy Assay for Transaminases and Bilirubin

and Prothrombin Time

Blood samples were obtained 24 hours after surgery and
Jaily until discharge. All blood samples were analyzed

biopsy samples were obtained from the part of the liver to”°, Ektach h 4 Joh Roch
be resected. The porta hepatis was dissected and the right%?'ng an Ektachem 950 (Johnson and Jo nson, Roc ester,
NY) for aspartate transferase (AST), alanine transferase

left portal vein and arteries were ligated and divided, de- o L
pending on the part of the liver to be removed beforetALT), and bilirubin levels. Prothrombin times were eval-

parenchymal dissection. In patients undergoing right hemiyawd using the Multi-Diagnostic Analyzer 180 (Organon

hepatectomies, all short caudate veins were ligated anaekn'ka' Boxtel, The Netherlands).
divided before ligation of the right hepatic vein. In patients
undergoing left hemihepatectomies, the left hepatic veirgjectron Microscopy
was ligated. Clamping of the portal triad was performed
with the tourniquet technique using an umbilical tape. Sep- Tru-cut biopsy samples were immediately fixed in 4%
arate clamping of aberrant left hepatic arteries was carefullglutaraldehyde and phosphate-buffered saline. The speci-
performed, when present. Transection of the liver was ininens were postfixed with osmium tetroxide, dehydrated in
tiated immediately after complete hepatic inflow occlusion.graded alcohol, and embedded in an Epon 812 mixture.
Transection was performed using the Kelly clamp “crush-Sections were cut on an ultramicrotome, stained with uranyl
ing” technique; small vessels and bile ducts were clippedcetate and lead citrate, and examined using a Philips 201
with an automatic clip applicator, and larger structures werélectron microscope (Eindhoven, The Netherlands).
ligated with 2—0 silk suture. After exactly 30 minutes, the
portal clamping was released, and careful hemostasis w.
obtained. Tru-cut and wedge biopsy samples were obtaine
after 30 minutes of reperfusion, usually just before closure Caspase 3 is distinguished by its ability to cleave poly-
of the abdomen. Each surgery was performed with a lonfADP-ribose) polymerase during apoptosis. The cleavage
central venous pressure to minimize blood [&sand no  site in poly(ADP-ribose) polymerase is C-terminal to Asp-
postoperative drain was used. 216. The upstream sequence, DEVD, is the basis for the
substrate and inhibitors used in this assay. Caspase 8 is an
upstream apoptotic signaling protease that is released from
Tissue Biopsy procaspase 8 on bhinding to intracellular domains of recep-
tors, such as Fas and tumor necrosis faetoafter extra-
Samples of liver tissue (wedge and Tru-cut) obtainedcellular stimulation. This leads to processing and initializa-
during surgery were immediately put in liquid nitrogen tion of the apoptotic caspase cascade. Caspase 3 and caspase
(=70°C) or stored in 4% paraformaldehyde. Some speci8-like activity was determined by measuring proteolytic
mens were also stored in glutaraldehyde for electron microeleavage of the respective specific substrates N-acetyl-Asp-
scope processing. Glu-Val-Asp-7-amino-4-trifluoromethyl  coumarin  (Ac-

aspase Assays
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DEVD-AFC; Biomol, Plymouth Meeting, PA) or N-acetyl- myocardial infarction requiring a coronary bypass 3 weeks
lle-Glu-Thr-Asp-7-amino-4-trifluoromethyl coumarin (Ac- after surgery, and two minor wound infections. Thus, the
IETD-AFC) in the presence or absence of the specificcomplication rate in the control group was 33% (4/12). In
caspase 3 or 8 aldehyde inhibitor based on the same ami@mparison, no serious complications occurred in the pre-
acid sequence (Ac-DEVD-CHO and Ac-IETD-CHO, re- conditioning group; two patients had minor wound infec-
spectively; Biomol). Liver tissue was quickly excised andtions. The complication rate in this group was 17% (2/12).

sonicated in assay buffer (1 mmol/L EDTA, 145 mmol/L Ng patient was readmitted after discharge in both groups.
NaCl, 100 mmol/L Tris, 0.1 mmol/L DTT, 0.1% CHAPS,

10% glycerol). Protein content was determined using the

Bradford protein assay. The samples were diluted and in—Effects of Ischemic Preconditioning on
cubated at room temperature with Ac-DEVD-AFC SUbStratePostoperative Serum Transaminasg and

in the presence or absence of the inhibitor Ac-DEVD-CHO._ -~ F .
AFC rglease was assayed during a 2-hour period in a quoronP'"rme Levels and Prothrombin Time
eter, using 400 nm excitation and measurement of 505 nm
emission. AFC release is expressed as arbitrary fluorescen
units per milligram of liver tissue after subtracting the reading
in the inhibited sample from the noninhibited sample.

The severity of reperfusion injury is best assessed by
&Brial serum AST levels, an established marker of injury of
the liver?” Peak AST levels in the ischemic human liver
occurred within 12 and 36 hours of reperfusion and returned
to normal levels within 2 to 5 days. Patients subjected to
Statistical Analysis ischemic preconditioning had significantly lower serum
AST and ALT levels than the control group at 24 hours after
The results are expressed as meastandard deviation. reperfusion (Fig. 1). Mean AST levels were 46985 [U/L
SAS statistical siof_tware (SAS Institute, Inc., Cary, NC? Was(median 418, range 302—650) versus 20687 IU/L (me-
used for all statistical analyses, an®a< .05 was consid-  jign 203, range 100—498). Mean ALT levels were 407

ered significant. 93 IU/L (median 418, range 398—650) versus 20237
IU/L (median 187, range 117—-468). The Studeteést and
RESULTS rank sum test were both statistically significaRt < .01)
when comparing AST and ALT levels between the precon-
Effects of Ischemic Preconditioning on ditioning and control groups, respectively.
Intraoperative Parameters, Blood Loss, Of the 24 patients, 7 were found to have mild to moderate
and Need for Blood Transfusion steatosis; 4 of these were in the ischemic preconditioning

o . roup (25%, 25%, 50%, 50% steatosis) and 3 were in the
No significant differences were detected between thegOntrol group (25%, 30%, 50%). The amount of fat in each

ischemic preconditioning group versus the control group ir1iver was assessed on hematoxylin-and-eosin—stained bi-

terms of the duration of surgery, presence of low blood . :
pressure (mear:60 mmHg) during surgery, or blood loss opsy samples by one pathologist (R.C.B.) without knowl-

(range 30—800 mL, median 350). Only 3 of the 24 patientfdge of the group aIIocati.on of the patient.. In this small
received blood during or after surgery; 2 patients receiveUPdroup, the differences in serum transaminase levels be-
one unit of packed red cells, and 1 patient received two unit§veen the preconditioned and control patients were even
of packed red cells. These patients were in the controlore pronounced. AST levels were 15954 IU/L in the

group. No patient subjected to ischemic preconditioningPreconditioned group versus 58948 IU/L in the control
received any blood products. group, and ALT levels were 221 27 IU/L versus 517+

78 IU/L (P < .01; Student test in each respective com-
parison). To exclude that the presence of patients with

Effects of Ischemic Preconditioning on steatosis was solely responsible for the significant differ-
Intensive Care Pnlt and H_OSp_ltal Stay ence between the preconditioning and control groups, the
and Postoperative Complications Studentt test was performed excluding the seven patients

There were no deaths in this series. No significant differVith steatosis. The difference in AST and ALT levels

ence was noted in the length of hospital (median 5.5 daysk?etween the two groups remained statistically significant
range 4-17) or intensive care unit (median 1 day, rangéP < .04).

0-—4) stay, although the two patients with a hospital stay of No significant differences were noted in bilirubin levels
more than 10 days were in the control group. One patient il prothrombin time at any time point. For transaminase
the control group was readmitted to the intensive care unitevels on postoperative day 2 and thereafter, no significant
2 days after surgery for a postoperative stroke related tdifferences were observed between the two groups, al-
bilateral stenosis of the carotid arteries. Other complicationghough a trend for lower values in the preconditioning group
within 30 days of surgery in the control group included onewas present until postoperative day 4 (data not shown).
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Figure 2. In situ TUNEL staining in Tru-cut liver biopsy samples ob-
200 — tained 30 minutes after the prolonged period of ischemia (30 minutes).
Controls (A) showed more positive sinusoidal lining cells than patients
E subjected to ischemic preconditioning (B). No hepatocyte was found to
be TUNEL-positive in either group.
= 100 ’
P
)] TUNEL assay in baseline biopsy samples. In contrast, in the
B 0 control group after 30 minutes of reperfusion, many sinu-

Fi . soidal lining cells stained positive for TUNEL, but no
gure 1. Serum aspartate transferase (A) and alanine transferase (B) T . R
levels (mean = standard deviation) 24 hours after surgery were signfi- ~ Nepatocyte staining was observed (Fig. 2). A significant
cantly lower in patients subjected to ischemic preconditioning (C) ver- decrease in sinusoidal lining cell TUNEL staining was
sus controls (M) (n = 12 in each group; *P < .01 in each respective  observed in the preconditioned livers after 30 minutes of
comparison, Student t test). reperfusion, and again no hepatocyte was found to be pos-
itive for TUNEL assay (Fig. 2). Morphometric assessment
of TUNEL-positive sinusoidal endothelial cells between
control and preconditioned livers is shown in Figure 3.

To characterize apoptosis further, biopsy samples were

The effect of ischemic preconditioning on liver cell ap- taken 30 minutes after reperfusion in three patients in each
optosis after reperfusion was evaluated on Tru-cut biopsgroup and processed for electron microscopy. A pathologist
samples using in situ TUNEL staining and electron micros{R.C.B.) examined the slides without knowledge of the
copy in the last 10 patients of the study. Liver samples werepecimens studied. Numerous features consistent with apo-
evaluated before inflow occlusion (baseline) and 30 minutegtosis of the sinusoidal endothelial cells were found in the
after reperfusion. Only exceptional cells stained positive forcontrol group, but no evidence of apoptosis was observed in

Effect of Ischemic Preconditioning on
Apoptosis
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Figure 3. Morphometric analysis of sinusoidal lining cell apoptosis as showing the most common finding seen after 30 minutes of reperfusion
assessed by the in situ TUNEL assay showed significantly more positive in control livers subjected to 30 minutes of inflow occlusion. A rounded
cells in the control group (M) than in patients subjected to ischemic sinusoidal endothelial cell with a dramatic increase in the cytoplasmic/
preconditioning (). (Data expressed as mean count = standard devi- nucleus ratio, which appears detached from the sinusoidal plate, is
ation per high-power field; n = 5in each group; *P < .01, Student t test). shown (arrow). These features are suggestive of early apoptosis (H,

hepatocyte, RBC, red blood cell).
the preconditioning group. The most frequent finding was a
dramatic increase in the nucleus/cytoplasmic ratio and de- ) . i ) i
tachment from the sinusoidal plate (Fig. 4). Only a few cellsSU99€st that mechanisms of injury in the ischemic human
showed evidence of chromatin condensation. In contrastiVer are similar to those in rodents, in which sinusoidal
dothelial cells appear to be the initial target of injury.

these features were absent in biopsy samples from patien'?é‘ -V i
subjected to ischemic preconditioning. Furthermore, the reduced number of apoptotic sinusoidal

endothelial cells by TUNEL staining and electron micros-

. L. copy in livers subjected to ischemic preconditioning points

Effects of Ischemic Preconditioning on to inhibition of apoptotic cell death as a key mechanism of
Caspase 3 and 8 Activities protection from ischemic preconditioning in the human

The effect of ischemic preconditioning on caspase activ.iiver. The results may have important clinical applications,
ity was evaluated using specific fluorometric assays fo@iven that ischemic preconditioning was associated with
caspase 3 and caspase 8. Caspase 8 is a membrane-bofHgimal intraoperative blood loss. This may represent a
mediator initiating the cellular cascade of apoptosis; caspas@gnificant advantage over techniques using only intermit-
3 is an effector mediator leading to DNA fragmentation. tent clamping of the portal triad during liver resection.
Tissue Sampies (n: 5 in each group) were anaiyzed at Ischemic preconditioning was found to confer prOteCtion
baseline and 30 minutes after hepatic resection. Both wedd@ the liver, as evidenced by a decrease in serum AST and
and Tru-cut (core) biopsy samples were examined. We di\LT levels measured 24 hours after surgery. These en-
not observe any significant differences in the samples frongymes are currently the most sensitive markers of ischemic
the wedge biopsies, but there was a trend toward increasdajury to the liver. Studying a variety of markers of injury in
caspase 8 activity in the postresection Tru-cut biopsy sam@n isolated perfused rat liver model, Iu et’ahowed that
ples obtained in the control group (2.3 u/mg) when com-release of AST best correlates with the degree of ischemic
pared with preconditioned samples (0.4 u/mg) (Student injury. Most clinical studies have used transaminase levels
test, P < .15). Caspase 8 activity was minimal in all to assess hepatic injury resulting from ischefift&>°
baseline biopsy samples, and caspase 3 activity was low in In this study, we alternated the use of ischemic precon-

all the examined tissue samples@.5 u/mg). ditioning to minimize bias in patient selection, and we
adopted a rigid protocol regarding ischemic time, type of

hepatectomy, and surgical technique. Only anatomical

DISCUSSION hemihepatectomies were included. Resections in patients
This is the first study demonstrating a protective effect ofwith cirrhosis or those requiring a technique of total vascu-

ischemic preconditioning in the human liver. The resultslar exclusion (e.g., in the presence of tumor involving the
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vena cava) were not included. The clamping period of the@eperfusion of the liver. Gao et%land Kohli et af? have
porta hepatis was set at exactly 30 minutes, a time duringhown in rodents that the first targets of injury are sinusoidal
which most hemihepatectomies can safely be performedendothelial cells, in which morphologic features of apopto-
This period is also the shortest ischemic time associatedis develop within 30 minutes of reperfusion. Studies at later
with elevated transaminase levels after surgeFiie lack of  time points in the same models have shown that injury to the
significant effects of ischemic preconditioning on otherhepatocyte occurred between 3 and 8 hours of reperfu-
markers of hepatic injury and patient outcome may besion®?? In the current clinical study, we did not study
related to this relatively short period of ischemia. mechanisms of injury after closure of the abdomen (i.e., 30
Belghiti et aP recently showed in a series of patients minutes after reperfusion); therefore, later mechanisms re-
undergoing liver resection that intermittent clamping of thelated to hepatocyte injury could not be evaluated in this
portal triad was better tolerated than continuous clampingstudy. Our data indicated similar early mechanisms of injury
The difference in transaminase levels between the twas seen in the rodents, with clear features of apoptosis in
groups was comparable to that observed in our study. Othsinusoidal endothelial cells (TUNEL and electron micros-
eré have shown that the optimal timing for intermittent copy) without detectable injury in other hepatic cells, in-
clamping is 15 minutes of ischemia followed by a shortcluding Kupffer cells and hepatocytes.
period of reperfusion; similar periods were found to be In a murine model of ischemic preconditioning, our
effective in animal models of ischemic preconditioning of group'® recently showed that ischemic preconditioning dra-
the liver!®*#These findings may suggest that the beneficiamatically reduced cell death by apoptosis of the endothelial
effects, and perhaps the underlying mechanisms, are similaell followed by the hepatocyte at later stages of reperfu-
in technigues of intermittent clamping and ischemic preconsion. This experimental study also showed that ischemic
ditioning. Therefore, the results of this study provide apreconditioning is associated with a significant decrease in
possible mechanistic explanation for the beneficial effectgaspase 3 activity, the executioner caspase in the complex
of intermittent clamping during hepatic surgery. cascade leading to apoptosis. In this clinical study, we found
An important shortcoming of intermittent clamping is the similar protective mechanisms, with a decreased number of
risk of blood loss during each period of reperfusion (releasepoptotic cells (TUNEL assay) in livers subjected to isch-
of the clamp) during transection of the liver. The Frenchemic preconditioning, and an absence of morphologic fea-
serie§ documented twice as much blood loss during livertures consistent with apoptosis on electron microscopy.
transection in the intermittent clamping group versus theAlthough caspase 3 activity was not different, a trend to-
continuous clamping group. Our ischemic preconditioningward decreased caspase 8 activiB/ € .15) was docu-
protocol consisted of a short period of ischemia and repermented. Caspase 8 is a membrane-bound caspase usually
fusion before transection of the liver performed under con-activated by extracellular stimuli, and it triggers cytoplas-
tinuous clamping of the portal trial. Blood loss was mini- mic and mitochondrial changes, eventually leading to
mal, with only three patients in the control group requiring caspase 3 activity and DNA fragmentation. We speculate
blood transfusion. Thus, ischemic preconditioning not onlythat the lack of difference in caspase 3 activity in this study
protects against ischemic injury but also minimizes bloodis due to the early stage of reperfusion, when only a few
loss. The routine use of low central venous pressure (0—S8inusoidal endothelial cells are apoptotic. The trend in lower
mmHg), as is standard at our institution, may also havecaspase 8 activity may suggest that extracellular mediators
contributed to the minimal bleeding during hepatic surgerysuch as oxygen-free radicals, nitric oxide, Fas, or tumor
in this series. necrosis factora trigger the apoptotic cascade. Another
The diseased liver is particularly susceptible to ischemiafinding relevant to the design of future studies is the lack of
and a poor outcome is not uncommon in patients with fattyany difference among wedge biopsy samples. Unlike Tru-
liver undergoing major hepatectomy under a long period oftut biopsies, wedge biopsies are obtained on the surface of
inflow occlusion®4~® Our data are again consistent with the liver and are subject to various manipulations during
those of Belghiti et af, in which the most pronounced surgery.
effects of intermittent clamping occurred in patients with  In conclusion, we provide the first clinical evidence suggest-
hepatic steatosis. In a subgroup of seven patients with milthg a beneficial effect of ischemic preconditioning during ma-
to moderate steatosis>@0%), we found a higher level of jor hepatic surgery. These data might be particularly important
injury at day 1, as determined by serum AST and ALT in complex cases where long periods of ischemia are necessary
levels, in the fatty livers versus normal livers. Ischemicand in livers with underlying disease or steatosis, which toler-
preconditioning of these fatty livers appears to be particuate injury poorly. Another application might be in living-
larly protective, with serum transaminase levels on postoprelated adult liver transplantation, in which ischemia is cur-
erative day 1 less than 260 IU/L in each patient. rently carefully avoided. An effective protective technique
A secondary goal of the current study was the search foallowing continuous clamping of the portal triad during hepa-
underlying mechanisms of protection from ischemic pre-tectomy would be very attractive to prevent bleeding and
conditioning. Our grouff?® and other®3! have demon- thereby to decrease the risk of surgery in the healthy donor.
strated that apoptosis is a prominent feature of ischemiaruture studies are necessary to evaluate the impact of ischemia
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in the general practice of liver surgery, as well as its rolel5.
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compared with intermittent clamping.
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